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(57) ABSTRACT 

A white-light electro-luminescent lamp having an adjustable 
spectral power distribution, including a ?rst light-emitting 
element which emits light within each of three wavelength 
bands, 1) between 440 and 520 nm, 2) between 520 and 600 
nm, and 3) between 600 and 680 nm. A second light-emitting 
element emits light within each of three wavelength bands, 1) 
between 440 and 520 nm, 2) between 520 and 600 nm, and 3) 
between 600 and 680 nm. A controller modulates the inte 
grated spectral power of the light produced by the ?rst and the 
second light-emitting elements such that the spectral power 
distribution of the light formed by combining the light pro 
duced by the modulated ?rst and second light-emitting ele 
ments is substantially equal to a CIE standard daylight spec 
tral power distribution for correlated color temperatures 
between 4000K-9500K. 

20 Claims, 15 Drawing Sheets 

SIGNAL 
RECEIVING 
MEANS 

152b 

1557 
154a 

m DIGITAL TO ANALOG 
CONVERTER 

158b 

159a 



US 7,759,854 B2 
Page 2 

OTHER PUBLICATIONS Appendix EiInformation on the Use of Planck’s Equation for Stan 
dard Air). 

“Colorimetry (Of?cial Recommendations of the International Com 
mission on Illumination)”, CIE pub. 15, Vienna, Austria, 2004 (see * Cited by examiner 



US. Patent Jul. 20, 2010 Sheet 1 0f 15 US 7,759,854 B2 

M .Ubw 

92 $5555 

/ LF“*LI'L'T—LI'LT_T” 



US. Patent Jul. 20, 2010 Sheet 2 0f 15 US 7,759,854 B2 

v.0 N6 m6 .. 0.0 new 

EEmEQ 28w 26:9:020 rEOtcD 



US. Patent Jul. 20, 2010 Sheet 3 0f 15 US 7,759,854 B2 

750 

400 

350 
180 160 140 

('n'e) .IQMOd luegpea 



US. Patent 

FIG. 4 

Jul. 20, 2010 

RAD/ANT POWER (a.u.) RADIANT POWER (a.u.) RADIANT POWER (a.u.) 

60 

40» 

0 I I I I l I I 

350 400 450 500 550 600 650 700 750 

Sheet 4 0f 15 US 7,759,854 B2 

42 

5090 K DIAYLIGHT [ 

WA VELENG TH (nm) 

esqo K DlAYLlC‘iHT I 130 

120 ‘ 

110 

100 - 

90 - 

80 I 

70 I 

60 

50 I __ 

40 - 

180 

160‘ 

140' 

120 

03 O 

30 I I I I I I I 

350 400 450 500 550 600 650 700 750 

40 
3 

WA VELENG TH (nm) 

9390 K DVAYLICII‘IHT . 

50 

50 400 450 500 550 600 650 700 750 
WAVELENGTH (nm) 





US. Patent Jul. 20, 2010 Sheet 6 0f 15 US 7,759,854 B2 

aka 





US. Patent Jul. 20, 2010 Sheet 8 0f 15 US 7,759,854 B2 

N6 md 10 1 m6 com m6 

EEmEQ 28w 328E026 FcotcD 

No 



US. Patent Jul. 20, 2010 Sheet 9 0f 15 US 7,759,854 B2 

750 

l 700 

| 550 
3% 

600 

550 Wavelength (nm) FIG. 9 
, nlu "In" '4 

I 
| 500 

| 

| 450 

400 

l l 

O O 
O CO 

350 
‘I80 160 140 120 60 

('n'e) JQMOd luegpea 



US. Patent Jul. 20, 2010 Sheet 10 0f 15 US 7,759,854 B2 

114 
750 

I L 700 

38 
I 1 650 

600 

2Q 
| 

l 550 Wavelength (nm) FIG. 10 
l 500 

| 450 

400 

350 
140 120 100 

('n'e) .ISMOd magpea 



US. Patent Jul. 20, 2010 Sheet 11 or 15 US 7,759,854 B2 

: .UFm 

§ y 

02 #2 9: $§§§§r //// .dwh? 

3g”; 
M? ii T: 



US. Patent Jul. 20, 2010 Sheet 12 0f 15 US 7,759,854 B2 

mam H 

A ~\ m2 

c2 

6 Q2 

£2 



US. Patent Jul. 20, 2010 Sheet 13 0f 15 US 7,759,854 B2 

162 
5 

|——-( )——| 2 
V . 

a U 
.-. H 

#1 

Bri ht Off 



US. Patent Jul. 20, 2010 Sheet 14 0f 15 US 7,759,854 B2 

@: 
m: w: 

0: M1 

3 .UHm 

3; c2 



US. Patent Jul. 20, 2010 Sheet 15 0f 15 US 7,759,854 B2 

m“ .UEH 
4 

825N502 EEQWU 

All Swmouo? 

mmm IV 

wmm IV 

826m P mmm mama P omm 



US 7,759,854 B2 
1 

LAMP WITH ADJUSTABLE COLOR 

FIELD OF THE INVENTION 

The present invention relates to the structure and manufac 
ture of a lamp and, more particularly, to a lamp capable of 
producing a multiplicity of colors and spectral poWer distri 
butions of White light Which approximate blackbody or day 
light lighting sources With tWo, independently addressable, 
light-emitting elements. 

BACKGROUND OF THE INVENTION 

Lamps capable of producing multiple colors of light are 
knoWn to satisfy many applications; including lamps for gen 
eral purpose lighting that alloW “White” light to be generated 
in such a Way to alloW the user to adjust the correlated color 
temperature of the light. Lights With adjustable color tem 
perature are further knoWn for use in specialiZed lighting 
applications, such as camera strobes and motion picture light 
ing systems. Within this application space, it is most desirable 
to create lamps that provide outputs having both colorimetric 
coordinates and spectral poWer distributions that match those 
of typical blackbody radiators, typical daylight lighting, or 
standard daylight sources. The colorimetric coordinates of 
natural light that exists during the day typically fall near a 
curve, referred to as the Planckian Locus or black body curve, 
Within CIE chromaticity space. Methods for calculating day 
light spectra for color temperatures betWeen 4000K and 
25000K have been speci?ed Within the art (Commission 
Internationale de l’Eclairage publication No. 15, Colorimetry 
(O?icial Recommendations ofthe International Commission 
on Illumination), Vienna, Austria, 2004.). Standardized light 
ing conditions that are desirable to attain and fall near this 
curve; include those designated D50, D65, and D93, Which 
correspond to daylight color temperatures of 5000K, 6500K, 
and 9300K, as Well as so-called Warmer lights, having loWer 
correlated color temperatures, Which are more similar in 
appearance to the light produced by tungsten lamps. In addi 
tion to having a lamp that is able to create light having the 
same colorimetric coordinates as these standardiZed lighting 
conditions, it is desirable to have a lamp that produced light 
having a spectral poWer distribution that matches the stan 
dardiZed spectral poWer distributions of these standardized 
light sources. One metric of the degree of match betWeen the 
spectral poWer distribution of the light produced by a lamp 
and the spectral poWer distribution of these standard lighting 
conditions is a metric referred to as the CIE color rendering 
index or CRI (Commission Internationale de l’Eclairage pub 
lication No. 13.3, Method of Measuring and Specifj1ing 
Color-Rendering of Light Sources, Vienna, Austria, 1995.). 
CRI provides a standard method of specifying the degree to 

Which the color appearance of a set of standard re?ective 
objects illuminated by a given lamp matches the appearance 
of those same objects illuminated by light having the spectral 
poWer distribution to a speci?ed standard source. Generally, 
lamps having a CRI of 80 or better provide a good match to 
the target spectral poWer distribution and are deemed to be of 
high quality. 
Lamps knoWn in the prior art that are capable of color 

control are constructed from at least three different, indepen 
dently controlled light sources. Noh, in EP Patent 1 078 556, 
discuss a lamp created using three different ?uorescent tubes, 
a recti?er, three ballasts and a controller for controlling the 
ballasts. Within this system, the illumination level of the three 
lamps is controlled to affect a change in the color temperature 
of the general purpose lighting device. HoWever, this embodi 
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2 
ment requires three different light sources that must all per 
form to a speci?ed level and generate a speci?ed spectral 
poWer distribution and be controlled independently. This con 
trol mechanism can be complex and is prone to error as each 
of the lamps age. 

This disclosure also discusses the fact that the controller 
should be con?gured such that it has tWo perpendicular axes 
of control such that one axis ideally represents the luminance 
level of the lamp and the second axis represents the color 
temperature of the lamp. HoWever, the authors fail to address 
the issue that by having three independent light sources, the 
chromaticity coordinates of the light that Will be generated is 
likely to fall Within a tWo-dimensional triangle in CIE chro 
maticity space With each comer of the triangle being repre 
sented by the chromaticity coordinate of each of the light 
sources. As such, the system Will produce light With chroma 
ticity coordinates Which fall on the Planckian Locus only 
When the CIE chromaticity coordinates of the three light 
sources is positioned to span the Planckian Locus and the 
relative luminance produced by each of the three light sources 
is such that the mixture results in a light With chromaticity 
coordinates that fall on the Planckian Locus. For this reason, 
if any one of these lamps ages at a different rate than another 
(i.e., its spectral poWer distribution changes, or its luminance 
output decreases at a different rate than the others), the light 
output of the lamp is not only unlikely to have a desired color 
temperature but the chromaticity coordinate of the light out 
put is unlikely to fall near the Planckian Locus and therefore 
the luminance and the position of the chromaticity coordinate 
of the lamp’s output is unlikely to fall upon the Planckian 
Locus. Further, to control the illumination from the three 
sources to create light With chromaticity coordinates that fall 
near the Planckian Locus as the tWo controls are manipulated 
it is necessary to employ a microprocessor or similar device 
capable of determining the correct mixture of the three 
sources to create the correct color of light output. The need for 
a microprocessor can add signi?cant cost and complexity to 
the overall system design. 
Lamps having color temperature regulation have also been 

discussed by Okumura in US Publication 2004/ 0264193, 
entitled “Color Temperature-Regulable LED Light”. Within 
this disclosure, at least tWo different embodiments of differ 
ent, independently-addres sable, LEDs are employed. In a ?rst 
embodiment, a White LED, Which is typically formed from a 
phosphorescent substance that emits broadband light When 
excited by a blue or ultraviolet emitter is employed together 
With typical narroW-band blue and yelloW LEDs. Within this 
embodiment, the light produced by the phosphorescent mate 
rial is a spectrally broadband emission necessary to have a 
reasonable color rendering index With respect to daylight. 
The light from the blue and yelloW LEDs is then mixed With 
the broadband light. Different ratios of the blue and yelloW 
LED light in the mixture are used to adjust the color tempera 
ture of the overall combination. In a second embodiment, 
three LEDs are employed, again With at least one of these 
having a phosphor coating to produce broadband light, one 
having a blue emission, a second having a yelloW emission 
and a third having an orange emission. Each of these embodi 
ments again describes a lamp employing at least three emis 
sive LEDs, the light from Which must be mixed to produce the 
intended light output. It is important to note that the ?rst 
embodiment provided Within this disclosure employs three 
LEDs, the colorimetric coordinates of Which all are discussed 
as lying near a single line through CIE chromaticity space. 
This fact reduces the tendency of the color of the light to shift 
aWay from the Planckian Locus if one LED fades faster than 
another since they lie along a line that is nearly parallel to the 
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Planckian Locus. Unfortunately, this embodiment requires 
that either the blue or yellow LED be employed With the White 
LED. Therefore, if the system is not calibrated properly or if 
one of the LEDs ages at a different rate than another, it is 
likely that a luminance shift Will occur at the point Where one 
LED is turned off and the other is turned on. This has the 
potential to create a discontinuous change in color tempera 
ture as Well as a sudden perceptual change in the perceived 
brightness of the lamp. 

Duggal in US. Pat. No. 6,841,949, entitled “Color tunable 
organic electroluminescent light source” also provides for a 
color tunable lamp. This lamp, hoWever, employs three, inde 
pendently-addressable, colored light-emitting elements to 
provide the necessary color range. Once again, the presence 
of three (e.g., red, green and blue), independently-address 
able light-emitting elements Within the lamp to alloW the 
lamp to produce light having a range of CIE chromaticity 
coordinates, requires complex control of the proportion of 
light from the three, independently-addressable, light-emit 
ting elements to create the exact color coordinates of daylight 
sources, and factors such as unequal aging of the three lamps 
makes formation of daylight colors even more dif?cult. Fur 
ther, Duggal does not discuss a means for replicating the 
spectral poWer distribution of daylight sources through appli 
cation of the red, green, and blue light-emitting elements. 

The use of OLEDs capable of generating different colors of 
light is Well knoWn and devices having three or more colors of 
light-emitting elements that are either arranged spatially on a 
single plane as discussed by US. Pat. No. 5,294,869 issued to 
Tang and Littman, entitled “Organic electroluminescent mul 
ticolor image display device,” or are composed of a number of 
stacked, individually-addressable emissive layers as has been 
discussed by US. Pat. No. 5,703,436 issued to Forrest et al., 
entitled “Transparent Contacts for Organic Devices” have 
been discussed extensively in the literature. It is further 
knoWn to create an OLED device having four colors of light 
emitting elements by employing light-emitting diode devices 
With color ?lters ?ltering at least some of the light-emitting 
diode devices, as described in US Patent Application 
US2004/0113875, assigned to Miller et al., and entitled, 
“Color OLED display With improved poWer e?iciency”. 
HoWever, a simple OLED-based lamp has not been provided 
that alloWs the continuous change of light color along a single 
line Within the CIE Chromaticity space and that continually 
provides light output along this single line, even as the lamp 
ages and the light output of one of the light-emitting elements 
degrades at a different rate than another. 

Other LED technologies are also knoWn for producing 
light to be used in general purpose lighting environments. For 
example, studies have been published that demonstrate the 
ability to stack multiple layers of quantum dots, the individual 
layers being tuned to complementary Wavelength bands, and 
thereby achieve the emission of White light. For example, in 
the article “From visible to White light emission by GaN 
quantum dots on Si (111) substrate” by B. Damilano et al. 
(Applied Physics Letter vol. 75, p. 962, 1999), the use ofGaN 
quantum dots on an Si(111) substrate to effect continuous 
tuning from blue to orange by control of the QD siZe is 
demonstrated. A sample containing four stacked planes of 
differently siZed QDs Was shoWn to produce White light, as 
demonstrated via photoluminescence spectral poWer distri 
bution. Electroluminescent White light emission Was not 
demonstrated, nor Was continuous color tuning With a ?xed 
material set. 
US 2006/0043361 by Lee et al., discloses a White light 

emitting organic-inorganic hybrid electroluminescence 
device. The device comprises a hole-injecting electrode, a 
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4 
hole-transport layer, a semiconductor nanocrystal layer, an 
electron transport layer and an electron-injecting electrode, 
Wherein the semiconductor nanocrystal layer is composed of 
at least one kind of semiconductor nanocrystals, and at least 
one of the aforementioned layers emits light to achieve White 
light emission. The semiconductor nanocrystal layer of this 
device may also be composed of at least tWo kinds of nanoc 
rystals having at least one difference in siZe, composition, 
structure or shape. Organic materials are employed for the 
transport layers, Whereas inorganic materials are employed 
for the nanocrystals and the electrodes. While such a device 
may be used to create White light, it does not address the need 
to vary the color of this White light source or to control the 
spectral poWer distribution of the White light source. 
US. Pat. No. 7,122,842, by Hill, discloses a light emitting 

device that produces White light, Wherein a series of rare 
earth doped group IV semiconductor nanocrystals are either 
combined in a single layer or are stacked in individual RGB 
layers to produce White light. In one example, at least one 
layer of Group II or Group VI nanocrystals receives light 
emitted by the Group IV rare-earth doped nanocrystals acting 
as a pump source, the Group II or Group VI nanocrystals then 
?uorescing at a variety of Wavelengths. This disclosure also 
does not demonstrate color tuning during device operation. 
US 2005/0194608, by Chen, discloses a device having a 

broad spectral poWer distribution Al( l_,€_y)InyGa,€N White light 
emitting device Which includes at least one blue-complemen 
tary light quantum dot emitting layer having a broad spectral 
poWer distribution and at least one blue light emitting layer. 
The blue-complementary quantum dot layer includes plural 
quantum dots, the dimensions and indium content of Which 
are manipulated to result in an uneven distribution so as to 
increase the FWHM of the emission of the layer. The blue 
light-emitting layer is disposedbetWeen tWo conductive clad 
ding layers to form a packaged LED. Various examples are 
described in Which the blue-complementary emission is 
achieved by means of up to nine emitting layers to provide a 
broad spectral distribution, and the blue emission is achieved 
by up to four blue emitting layers. The author also discusses 
the ability to tune the spectral poWer distribution and the color 
temperature of the LED through changing the materials from 
Which the LED is constructed. HoWever, the author does not 
provide a method for dynamically adjusting the color tem 
perature or spectral poWer distribution of the device. 

There is a need, therefore, for a lamp that provides multiple 
colors of light output and speci?cally multiple colors of light 
output With chromaticity coordinates that lie on or near the 
Planckian Locus, that is less complex to manufacture, and 
simpler than the prior art solutions to control While still hav 
ing the capacity to create light output With an acceptable CRI 
as compared to standard illumination sources. 

SUMMARY OF THE INVENTION 

A White-light electro-luminescent lamp has an adjustable 
spectral poWer distribution, including a ?rst light-emitting 
element that emits light Within each of three Wavelength 
bands, 1) betWeen 440 and 520 nm, 2) betWeen 520 and 600 
nm, and 3) betWeen 600 and 680 nm. An integrated spectral 
poWer Within the ?rst Wavelength band is higher than the 
second Wavelength band and the integrated spectral poWer 
Within the second Wavelength band is higher than the third 
Wavelength band. A second light-emitting element emits light 
Within each of three Wavelength bands, 1) betWeen 440 and 
520 nm, 2) betWeen 520 and 600 nm, and 3) betWeen 600 and 
680 nm. The integrated spectral poWer Within the third Wave 
length band is higher than the integrated spectral poWer of the 
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second Wavelength band and the integrated spectral power 
Within the second Wavelength band is higher than the inte 
grated spectral poWer Within the ?rst Wavelength band. A 
controller modulates the integrated spectral poWer of the light 
produced by the ?rst and the second light-emitting elements 
such that the spectral poWer distribution of the light formed 
by combining the light produced by the modulated ?rst and 
second light-emitting elements is substantially equal to a CIE 
standard daylight spectral poWer distribution for correlated 
color temperatures betWeen 4000K-9500K. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is schematic diagram of an electro-luminescent 
lamp according to one embodiment of the present invention; 

FIG. 2 is a CIE 1976 Uniform Chromaticity Scale diagram 
shoWing the color coordinates of tWo light-emitting elements 
according to one embodiment of the present invention, the 
Planckian Locus, and example lamp outputs corresponding to 
standard lighting sources; 

FIG. 3 is a graph shoWing the spectral poWer distributions 
of the tWo light-emitting elements Whose uniform chromatic 
ity scale coordinates are depicted in FIG. 2; 

FIG. 4 is a group of graphs shoWing aim and actual spectral 
poWer distributions for various combinations of the tWo light 
emitting elements for Which spectra are shoWn in FIG. 3; 

FIG. 5 is a cross-sectional diagram of an inorganic light 
emitting diode useful in practicing the present invention; 

FIG. 6 is a cross-sectional diagram of an inorganic light 
emitting layer from a diode useful in practicing the present 
invention; 

FIG. 7 is a graph of the spectral poWer distributions for tWo 
light-emitting elements useful in practicing the present inven 
tion; 

FIG. 8 is a CIE 1976 Uniform Chromaticity Scale diagram 
shoWing the color coordinates of tWo light-emitting elements 
having the spectral poWer distributions shoWn in FIG. 7, the 
Planckian Locus, and example lamp outputs corresponding to 
standard lighting sources; 

FIG. 9 is a graph of the spectral poWer distributions for tWo 
light-emitting elements useful in practicing the present inven 
tion; 

FIG. 10 is a graph of the spectral poWer distributions for 
tWo light-emitting elements useful in practicing the present 
invention; 

FIG. 11 is a cross-sectional diagram of a pair of organic 
light-emitting diodes useful in practicing the present inven 
tion; 

FIG. 12 is a controller according to one embodiment of the 
present invention; 

FIG. 13 is a depiction of user controls useful in providing 
a control signal to the controller of the present invention; 

FIG. 14 is a depiction of a sensor useful in providing a 
control signal to the controller of the present invention; and 

FIG. 15 is a depiction of an image capture device according 
to one embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a White-light, electro-lumi 
nescent lamp 2 as shoWn in FIG. 1, having an adjustable 
spectral poWer distribution emission, Wherein the spectral 
poWer distribution approximates the spectral poWer distribu 
tion of a plurality of standard daylight distributions as speci 
?ed by the CIE. This lamp 2 includes tWo light-emitting 
elements 4, 6. The ?rst light-emitting element 4 emits light 
Within each of three Wavelength bands, including a ?rst Wave 
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6 
length band betWeen 440 and 520 nm, a second Wavelength 
band betWeen 520 and 600 nm, and a third Wavelength band 
betWeen 600 and 680 nm; Wherein an integrated spectral 
poWer Within the ?rst Wavelength band is higher than the 
second Wavelength band, and the integrated spectral poWer 
Within the second Wavelength band is higher than the third 
Wavelength band. The second light-emitting element 6 emits 
light Within each of three Wavelength bands, including a ?rst 
Wavelength band betWeen 440 and 520 nm, a second Wave 
length band betWeen 520 and 600 nm, and a third Wavelength 
band betWeen 600 and 680 nm; Wherein the integrated spec 
tral poWer Within the third Wavelength band is higher than the 
integrated spectral poWer of the second Wavelength band, and 
the integrated spectral poWer Within the second Wavelength 
band is higher than the integrated spectral poWer Within the 
?rst Wavelength band. The lamp 2 further includes a control 
ler 8. The controller 8 modulates the integrated spectral poWer 
of the ?rst and the second light-emitting element such that a 
spectral poWer distribution of the combined ?rst and second 
light-emitting elements produces a spectral poWer distribu 
tion that is substantially equal to a CIE standard daylight 
spectral poWer distribution for correlated color temperatures 
betWeen 4000K-l0000K. 

To enable this invention, the tWo light-emitting elements 
are designed to create light output With chromaticity coordi 
nates that approximate tWo points near the blackbody or 
Planckian locus. Designing the chromaticity coordinates of 
the ?rst 4 and second 6 light-emitting elements in this Way, 
alloWs the lamp to produce several desirable colors of light for 
general illumination by adjusting the ratio of luminance pro 
duced by the tWo light-emitting elements. In fact, any colors 
of light may be produced Whose chromaticities lie along a line 
connecting the CIE chromaticity coordinates of the tWo light 
emitting elements 4, 6; thereby creating metamers of the 
desired standard light sources. Important in this invention, the 
spectral output of the tWo light-emitting elements may be 
designed so as to minimiZe differences in the spectral poWer 
distributions betWeen the metamers and their corresponding 
standard sources, providing a metameric match approximat 
ing a radiometric match to the corresponding desired standard 
illuminant. 

Speci?cally, a lamp 2 is provided having tWo light-emitting 
elements 4, 6 having distinct CIE uniform chromaticity space 
coordinates as shoWn in the 1976 CIE uniform chromaticity 
space diagram of FIG. 2. As shoWn in this ?gure, the lamp 2 
includes a ?rst light-emitting element 4 for emitting light 
having u'v' coordinates 12 and a second light-emitting ele 
ment 6 for emitting light having u'v' coordinates 14, Where the 
pair of u'v' coordinates 12, 14, de?ne the end points of a line 
that is substantially coincident With a portion of the Planckian 
locus, indicated by the curve 16, such that points on the line 
are Within 0.05 chromaticity units of multiple points on the 
Planckian locus. Notice also, that standardized daylight light 
sources also lie on or near this line, including various stan 
dardiZed daylight light sources corresponding to various 
color temperatures, including 5000K 18, 6500K 20 and 
9300K 22. These daylight light sources are at times referred to 
as D50, D65 and D93 respectively. Notice that as shoWn in 
FIG. 2 the portion of the Planckian locus 16 near these day 
light light sources is relatively straight and, therefore, by 
adjusting the proportion of integrated radiometric poWer 
Within the visible spectrum and, therefore, the luminance 
produced by each of the tWo light-emitting elements, it is 
possible for the lamp 2 of the present invention to produce a 
range of light attaining u'v' coordinates that are substantially 
equal to the u'v' coordinates of these typical daylight light 
sources by simply changing the proportion of the integrated 




























